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Yale tenured Physics faculty…
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An illustrious (but not very diverse) group

… as I encountered it in 1974

Couldn’t Yale afford 
decent curtains?

Jack
Sandweiss

Peter
Parker



         
Jack Sandweiss (1930-2020)
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Mel Schwartz, Jack Sandweiss, Tini Veltman, and 
Jack Steinberger conversing 

(Photo: Emilio Segre Archives, APS)

Jack in the company of Nobelists:
Melvin Schwartz (1988)
Jack Steinberger (1988)
Martinus Veltman (1999)

The (unspoken) motto:

An experiment isn’t really worth doing if its 
result could not be worth a Nobel Prize.

Note that it does not guarantee a result 
worthy of a Nobel Prize, because you can’t 
control the outcome of the experiment. 

The declared purpose of E864 was to search for charged or neutral, 
stable or metastable (τ > 50 ns) strangelets, i.e. atomic nuclei with 
strangeness . It did not find any, but it produced a host of 
interesting results on the production of small nuclei in heavy ion 
collisions.

|S | ≫ 1

Jack’s first heavy ion physics experiment 
(AGS E864) proves the point.

E864



         
Lessons from E864
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You can produce complex nuclei by 
colliding heavy ions, but there is a 
“penalty factor” for each additional 
nucleon. States with large A are 
exponentially suppressed:  

For antinuclei: 

→   

States with |S| > 0 incur an additional 
penalty factor ~ 0.36 ± 0.26.

48−A = e−A(mN−μB)/T

(3 × 105)−A = e−A(mN+μB)/T

T = 112 MeV μB = 493 MeV

But how did Jack 
get interested in 

strangelets?
Conclusion: 

You can’t produce strangelets 
(if they exist) with measurable 
yields in heavy ion collisions.



         
Strangeness as a probe
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The Path to RHIC I

! 1965: Discovery of the cosmic background radiation: The Universe 
was exceedingly hot in its infancy. 

! This raised the question about the state of matter at the highest 
temperatures. 

! 1965: Hagedorn showed that the highest temperature at which matter 
can exist as hadrons is TH ≈ 160 MeV. 

! In the late 1970s it became clear that the most likely form of matter at 
T > TH must contain “free” quarks and gluons; in other words, be a 
“quark-gluon plasma” (QGP). 

! The two predominant challenges were: 

! How could a QGP be produced in the laboratory? 

! How could a QGP, once formed, be detected and investigated?
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The Path to RHIC II

! Nuclear collisions were seen as the only viable path to create a QGP 
in the lab, but it was unclear how much CM energy was needed 

! European scientists embarked on using the existing CERN-SPS 

! U.S. scientists embarked on building a dedicated facility (RHIC)   
and undertook exploratory studies at the BNL-AGS 

! Theorists went on wild speculations (as usual) proposing a multitude 
of QGP “signatures” (see next slide) 

! Most nuclear physicists were extremely skeptical that any of the 
proposed signatures would be compelling 

! The AGS/SPS experiments concluded with tantalizing hints, which 
motivated CERN to announce in February 2000 that “a new state of 
matter had been created” (DG Maiani)  

! Many scientists remained skeptical.
7



         
RHIC: Machine - detectors - signatures
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Siberian Snakes

STAR

PHENIX

AGS

LINAC BOOSTER

Pol. H- Source

Spin Rotators
(longitudinal polarization)

Siberian Snakes

200 MeV Polarimeter

pC PolarimetersAbsolute Polarimeter (H↑ jet)

pC Polarimeter

10 % Helical Partial Siberian Snake

5.9 % Helical Partial 
Siberian Snake

Spin Rotators (long. pol.)

From: J. Harris & BM (1996)

PHOBOS BRAHMS
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Moving fast…
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July 19, 2020June 12, 2020
First Au+Au collision at STAR



         
January 2021 - I
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A conference 
remembered for 
superb science 
and lousy food

Jet 
Quenching



         
January 2001 - II

12

Geometry  

Flow



         
The NYT asks - RHIC responds
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On the Verge of Re-Creating Creation. Then What? 
New York Times - Week In Review, Jan. 28, 2001

In fact, the first non-superfluid whose specific viscosity is near the quantum bound.

http://www.nytimes.com/2001/01/28/weekinreview/28GLAN.html?pagewanted=all
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The BH Paradigm
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Black Hole at the center of the Milky Way 
imaged by the Event Horizon Telescope

Space-time near the event horizon of 
a Black Hole behaves like a viscous 
relativistic fluid with shear viscosity  
η = s/4π. Analogy becomes manifest 
in holographic models with a 5-dim. 
gravity dual of a 4-dim. gauge theory.



         
QGP: Signatures & Diagnostics

" QGP Signatures probe salient characteristics of the QGP: 
! Quark / gluon deconfinement (percolation) 
! Color screening 
! Chiral symmetry restoration 

" QGP Diagnostics probe the physical properties of the QGP: 
! Thermodynamic properties 
! Structural properties 
! Transport properties 

" The predominant challenge is that the QGP formed in heavy 
ion collisions does not exist in controlled environment, but is 
itself a dynamically evolving system: 
! All observables require interpretation in the framework of 

transport models

16



         
QGP Diagnostics: Many tools

" Collective flow: Equation of state ε(T), P(T), s(T), η, ζ
" Hadrochemistry: Flavor equilibration
" Hadronization at the phase boundary: quark recombination

" Color screening: J/ψ and Υ “melting” (  suppression)
" Energy loss of energetic partons (jet quenching) 
" Hyperon polarization: vorticity
" Fluctuations of conserved quantities can probe for the 

nature of the transition from hadron gas to QGP
" …..

QQ

17



         
Statistical hadronization
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Andronic, P. Braun-Munzinger, K Redlich, J. Stachel, 
Nature 561 (2018) 321 (arXiv:1710.09425)

T = 156.5 ± 1.5 MeV
μB = 0.7 ± 3.8 MeV
V = 5280 ± 410 fm3

After accounting for decays:

All hadrons produced in HRG 
chemical equilibrium in Pb+Pb 
at a fixed temperature T

Natural explanation: Transition 
from unconfined (percolating) 
quarks to confined quarks

No Strangeness penalty factor:

Even the weakly bound hyper-
triton ( ) follows the universal 
statistical (thermal) law.

3
ΛH



         
Multi-strange baryons
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Strangeness enhancement:  
! Grows with size / life-time  
! No strangeness penalty observed 

in large systems!

s s
s

sss

s + s

s + s
s + s (sss) = Ω

Gluon reactions establish  equilibrium in 
the QGP, which then translates to equilibrium 
yields of multi-strange hadrons.

s/s

“Yes -
it’s a QGP!”



         
Chemical freeze-out
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Chemical freeze-out at or just below phase boundary is consistent with quarks 
being unconfined (percolating) in the QGP.

“Ultimate” test possible with multi-charm hadrons….

Phase boundary
(HRGxV model)

STAR (2017)
BMG (2005)
BCKSR (2001)
Reichert et al (2020)
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Chemical 
freeze-out 
line

Chemical freeze-out line tracks close 
to the phase boundary, but represents 
different physics:
!   encodes kinetic physics
!   encodes thermal physics
Their relation depends on velocity of 
fireball expansion relative to chemical 
reaction rates among hadrons 

Tch(μB)

Tc(μB)



         
Quark number scaling
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In the recombination picture, meson and baryon v2(pT) follow from quark v2(pT):

T,µ,v

Emitting medium is composed of  
deconfined, flowing quarks.

Data: 
STAR

R.J. Fries, V. Greco, P. Sorensen, Annu. Rev. Nucl. Part. Sci. 58 (2008) 177



         
Valence quark scaling
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Remarkable persistence of valence quark scaling of elliptic flow established over 
a wide range of collision energies, from 27 GeV to 2.76 TeV showing 
that collective flow originates at the quark level: “Yes - it’s a QGP!” 

sNN =



         
Color screening
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Static color fields are screened in the QGP
! Quarkonia “melt” when screening length < radius 
! Melting threshold depends on heavy quark mass and binding energy

Color screening

Dynamical description needs to account for:
! Color screening (  potential becomes short-ranged)
! Thermal ionization
! Regeneration by  recombination in QGP or at hadronization

Q − Q

QQ

Recombination

, Ƴ

Ionization

EB



         
Quarkonium suppression
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All data from RHIC and LHC is consistent with the principle of “sequential” melting: 
Less bound states are suppressed first and more strongly: “Yes - it’s a QGP!”

(cc)1s

(cc)2s
(bb)1s

(bb)2s

(bb)3s



         
Hard QCD Probes
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Probes that are unaffected 
by the nuclear medium 
must show .

Examples: 

RAA = 1

γ, Z0

PRL 96 (1006) 202301

Hard probes (calculable in pQCD) are measured relative to their yields in p+p

Nuclear suppression factor:           RAA(pT) =
d2NAA/dpTdy

⟨TAA⟩ ⋅ d2σ/dpTdy
Measured

Avg. number of binary 
NN collisions per area
(calculated)



         
Jet quenching
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Tq q dE
dx

= −C2α s q̂ L

Energy loss of leading 
parton by gluon radiation
Measures gluon density 

in the QGP

More central

Jet energy loss measures energy radiated 
outside the jet cone with opening angle R 

R



         

The QGP droplets created in collisions of p+Au, 
d+Au, 3He+Au have characteristically different 
shapes resulting in different emission patterns.

v2

v3

3He+Au

3He+Au

d+Au

d+Au

p+Au

p+Au

v2(d,3He+Au) > v2(p+Au) 

v3(3He+Au) > v3(p,d+Au)

The ordering of flows 
follows the ordering 
of shapes (ε2, ε3)

Geometry rules the day

27



         
Surprises: Global Λ polarization
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New tool to study QGP and 
relativistic quantum fluid vorticity

Global angular momentum  
transfer to hyperon polarization 

Late time magnetic field would 
generate difference between 
hyperons and anti-hyperons

Precision result at 200 GeV:

|B| = Ts |�P|
2|µ⇤|

< 8.9⇥ 1011 TImplies:

PV =
PΛ + PΛ̄

2

PM =
PΛ − PΛ̄

2



         
Vorticity structure
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Angular momentum of colliding nuclei:

L ~ pbeamb  

→  effect increases with off-centrality

Vorticity 
structure in a 

heavy ion 
collision

Looking down 
the beam line Quadrupole 

pattern
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Beam Energy Scan Goals 
• Where is the phase boundary of ordinary 

nuclear matter, i.e. matter composed of 
baryons and mesons? 

• Is there a critical point in the QCD phase 
diagram and, if so, where is it located? 

− 3-year run program: 13 energies (14 runs) 
− 7 energies new (fixed target) 
− >10-fold statistics for all energies 
− 13.7 beam energy scan runs complete!

Low Energy RHIC electron Cooling 
First-ever electron cooling with bunched 

beams 
Test case for electron cooling at EIC

RHIC: Precision Beam Energy Scan 

30



         
Critical behavior signals
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Non-monotonic trend observed in BES-I with limited statistical precision

The moments of the distributions of baryon number are related to critical 
susceptibilities and sensitive to critical fluctuations

Higher moments (kurtosis) change sign at 
the critical point



         
Hunting for the Critical Point
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Visualizing RFD “trajectory” in T-μ space



         
More to come: STAR+

! STAR collaboration has installed forward upgrades for RHIC runs 
beyond BES-II. Upgrade was ready for 2022 RHIC (pol. pp) run 

! Extends rapidity coverage in the forward direction 
! Very cost-effective upgrades with major non-DOE contributions

Refurbished EMCal, new Hcal, STAR 
Pre-shower, FMS, and sTGC based 
tracking system, covering 2.5<η<4, 
forward Si tracking.  

Commissioned in polarized 500 GeV 
proton run in 2022 

STAR+ will take data with heavy ions 
starting next year

33

STAR+



         
sPHENIX

• State-of-the-art collider detector incorporating 
technology developed for LHC by NP and HEP 

• Assembly complete end of 2022 
• Data taking to start in 2023

• High energy jets probe the structure of the 
QGP on different length scales 

• Heavy quark atoms (Upsilon) also probe 
the QGP structure at different scales 

• Heavy flavor hadrons and jets probe the 
transport properties of the QGP

sPHENIX will increase the data collection rate by a  
factor of 10 and utilize the enhanced RHIC luminosity

Upsilon states probe QGP structure

Expanding jets probe  
various distance  
scales

34



         
RHIC & PRL

" RHIC has already left a legacy in PRL: 
! STAR: 88 with 18,556 citations (all with J. Sandweiss) 
! PHENIX: 75 with 16,645 citations 
! PHOBOS: 15 with 2,641 citations 
! BRAHMS: 10 with 2,287 citations 

" Most recently: 

" And he isn’t done yet: 4 new arXiv preprints in 2022 !

35
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Jack Sandweiss
1930 -2020

An interesting paper 
and a cup of coffee…

What more does a 
physicist need?


